Diffusivities and viscosities of poly(ethylene oxide) (PEO) oligomer melts of 1 to 12 repeat units have been obtained from equilibrium molecular dynamics simulations using the TraPPE-UA force field. The simulations generate diffusion coefficients with high accuracy for all molecular weights studied, but statistical uncertainties for the viscosity calculations significantly increase for longer chains. There is in good agreement of calculated viscosities and densities with available experimental data. The simulations can be used to fill in gaps in the data and for extrapolations with respect to chain length, temperature and pressure. We have explored the convergence characteristics of the Green-Kubo formulae for different chain lengths and propose minimal production times required for convergence of the transport properties. The chain length dependence of transport properties suggests that neither Rouse nor reptation models are applicable in the short-chain regime investigated.
Introduction
Poly(ethylene oxide) (PEO) oligomers have applications as surfactants 1 , polymer electrolytes 2 ,
and as drug delivery carriers in medical and biological areas 3 . They are also frequently used as model systems in connecting theories and experiments in polymer physics 4, 5 . Recently, two new classes of novel hybrid materials have been developed, nanoparticle ionic materials (NIMs) 6, 7 and nanoparticle organic hybrid materials (NOHMs) 8 , in which the repeating 'oxyethylene'
structures form an important component of these materials and contribute to their unique dynamic and transport properties. Establishment of accurate structure-property relations of pure PEO forms the basis for development of new composites in which PEO or its oligomers are a major constituent.
During the past decade, molecular simulations have been frequently used to model PEO chains. Different force fields have been studied, including those based on quantum chemistry 9 , OPLS 10 , and TraPPE and its variations [11] [12] [13] . Prior studies have reported a good agreement between simulation predictions and experiments for conformer populations 10, 11, 14 , spectra [15] [16] [17] , thermodynamic properties 12, 13, 18 and structural relaxations 9, 19 . While many atomistic simulations have investigated monodisperse PEO melts of low to moderate molecular weight, there are relatively few studies of higher molecular weight PEO as polydisperse mixtures 13 or in solution 20 .
Structural properties and diffusivities of aqueous PEO mixtures are also frequently studied to test transferability of force fields and coarse-graining techniques. 11, [21] [22] [23] In contrast to the extensive investigations of static properties, studies of PEO chain dynamics Dynamic properties explored most frequently are the local correlations of bond, segmental and sub-chain motions, which relax at time scales of 10ps ~ 100ps. 9, 11, 13, 16, 18, 19 Prior diffusivity calculations have been limited to melts of short chains or aqueous solutions of oligomers 5, 9, 11 because diffusivity relates to the slower dynamics of the whole chains. Few studies have looked into properties of long PEO chains in the bulk 13 . As a property determined by collective chain motions, viscosity has been even less explored in atomistic models, with values reported only at a few state points for 12-mers 9 . It is thus worthwhile to use current force fields to obtain systematic information of transport properties for PEO, especially the dependence on chain length, despite the need of considerably long simulation times.
Transport coefficients can be obtained through either equilibrium methods which use fluctuation-dissipation formulas or non-equilibrium methods which measure the response of the system to external perturbations. [24] [25] [26] Equilibrium methods are free from theoretical and practical issues affecting non-equilibrium methods, such as temperature inhomogeneities induced by the perturbation 27 , and the validity of extrapolation schemes to the equilibrium state 28 properties of small molecules, to transport properties of chains. Unlike previous simulation studies 9, 11, 13 which have reported viscosity data for a single chain length or diffusivity for low molecular weight chains, here we systematically study the length dependence of both transport
properties. In addition, we seek to quantify the GK integration divergence for longer chains from the relative errors of the calculated transport properties.
The paper is organized as follows. Section 2 describes the model details and simulation methodology. Section 3 presents the calculated volumetric and transport properties as functions of chain length, and compares the results with experimental data and theoretical predictions. The feasibility of transport property calculations using GK methods for longer chains is also discussed in the same section. Finally, Section 4 summarizes the conclusions from this work.
Methods

Simulation Details and Potential Models
All simulations were performed using GROMACS version 4. of accuracy for the chosen force field. Each system was then reset at the experimental density (except for 12-mers) and simulations in the NVT ensemble were performed for transport property calculations with equilibration times from 1 to 120ns and production times from 2 to 40ns, with longer simulations used for higher molecular weights. Table 1 gives the input parameters for the simulations, namely, number of chains (N), compressibility (κ T ) used for the barostat in the NPT runs, and simulation box size (L) for the NVT runs for each chain length studied.
The configurations were updated via the leap-frog algorithm 39 using a time step of 2fs.
System pressure was coupled to a Parrinello-Rahman barostat 40, 41 , with a relaxation time of 5ps and the compressibilities for different chain systems were set as shown in for poly(ethylene oxide) dimethyl ether (PEODME) mixtures with M n ~ 600. The data are better reproduced by the modified TraPPE potential over the entire temperature range at both pressures. Experimental data at 1 bar 9 for PEODME with M n ~ 398 are represented by triangles in Figure 1 ; these should have negligible differences from data at 0 bar due to the small compressibility. The system we simulated consists of monodisperse chains having a molecular weight between the M n 's of the two experimental systems. We thus confirm that the modified TraPPE force field better reproduces volumetric properties of PEO and we employ it in the following simulations of transport properties. 
Diffusivity and Viscosity Calculations
The diffusion coefficient can be obtained by two equivalent equilibrium methods 26 . The
Green-Kubo (GK) integration over the velocity autocorrelation function is:
In the Einstein relation, the diffusion coefficient is related to the slope of mean square displacement (MSD) of one particle over time:
is the coordinate of center of mass of i th molecule at time t. Averages in Eqs. (2) and (3) Similarly, equilibrium methods for shear viscosity determination include (1) GK integration over the autocorrelation function of the off-diagonal elements of the pressure tensor P αβ ,
and (2) mean square displacement of L αβ , where L αβ is defined as
The average in Eq. (4) is taken over different time origins t 0 . Applied to systems with periodic this work only the boundary-condition-independent GK integral of Eq. (4) was used. Fully capturing the fastest vibration mode of the pressure correlation function requires P αβ to be sampled every 0.01ps. To gain higher accuracy, the right-hand side of Eq. (4) was further averaged over the three off-diagonal elements, since PEO melts are isotropic (isotropy was confirmed during our simulations).
The statistical errors of the quantities in Eqs. (2)- (4) (6) where x is the mean of the series x i .
System Size Effects
We performed NPT and NVT simulations on systems with 50 and 400 (EO) 5 DME chains in addition to the base case of 200-(EO) 5 DME chains. The system sizes and calculated transport properties for all systems studied are shown in Tables 1 and 3 , respectively. Statistical uncertainties for densities, viscosities, and diffusivities tend to decrease with system size.
Differences between calculated values at different sizes are within statistical uncertainties,
indicating that system-size effects on the data presented in this paper are not significant.
Results and Discussions
Calculation of Transport Properties
As indicated by Eq. (4), viscosity is the value to which the integration converges at infinite time.
The pressure autocorrelation functions were obtained from averaging over different time origins separated by a 10fs interval. Figure 2 presents the normalized values of P αβ (αβ = xy, xz, yz) correlation functions for DME and (EO) 12 DME at T = 303.15K at the experimental P=10 bar densities. The curves representing the three directions have perfect overlap at the scale of the graph with each other, confirming an isotropic system. Figure 2a gives the autocorrelation functions at short times. Comparison between the two panels in the figure shows that the fastest vibration modes last longer than 1ps for DME, but are quickly suppressed for the longer (EO) 12 DME chains. The difference arises from the fact that the backbone atoms or the shortest segments, responsible for the fast vibrations in (EO) 12 DME, are connected to longer, more inertial backbone chains and therefore move less freely. The pressure autocorrelation functions for the two systems at long times ( Figure 2b ) behave in opposite ways. For the DME melt, the vibrations become small after ~3ps and then fluctuate randomly around zero (blue line). The decay of the correlation function (EO) 12 DME melt (violet line) decays slowly and monotonically, taking ~ 300ps to reach 1% of the value at t = 0.
The viscosity as a function of integration time is given in Figure 3 for DME and (EO) 12 DME at the same conditions as for Figure 2 . One expects viscosity to converge as the integration time increases and pressure correlation functions decay. In practice, however, statistical noise in the long-time tail of the pressure correlation functions (Figure 2b ) conceals the decay, leading to poorly converging integrals. In Figure 3 , convergence is indicated by a plateau after the initial increase of the viscosity curves. The increasing error bars and deviations from the plateau at longer times for the bottom panel illustrate the poor convergence due to contributions from the noises at the long-time tails of the correlation functions. A similar behavior was also reported in a study of viscosity for the LJ liquid and SPC water 24 . Therefore, it is very important to choose a suitable integration time, which should be long enough to cover the main decay region of pressure correlation functions but short enough to avoid the onset of divergence.
Self-diffusion coefficients were calculated from both GK integral (Eq. (2)) and MSD method (Eq. (3)). Figure 4 gives the results for DME at 303.15K and with a density corresponding to 10 bar in experiments. Both the velocity autocorrelation function and MSD are averaged over time origins separated by 1ps intervals, but the velocity files are stored every 0.1ps in order to record precisely the initial decay of the correlation function. Consequently, MSD method used 10 times less disk space than the GK integral, although the two methods are mathematically equivalent and the derivative curve of MSD ~ t is expected to match integration of the velocity autocorrelation function. On the other hand, the GK method applied to diffusivity Figure 4 ) than its application to viscosity calculations (integration over pressure correlation function). This is because D is a one-particle property and the average of the velocity autocorrelation function in Eq. (2) is performed not only over time origins but also over all molecules involved. For DME, the GK integration can be stopped at around 7ps, at which point the sub-diffusive regime ends, but the MSD has to be recorded well beyond 7ps until the slope of the diffusive regime is properly measured. Thus, the GK integral is preferred over the MSD method in terms of computing time economy.
We summarize the data obtained for density, viscosity and diffusivity of different chain lengths in Table 3 . The volumetric data, as also suggested by previous studies that covered a narrower range of chain lengths and conditions 11, 13, 36 , are in excellent agreement with available experimental data. For short chains, for which good sampling is easy to obtain, simulated viscosities match experiments quite well. For longer chains, the relaxation modes in pressure autocorrelation functions that correspond to whole molecule motions decay slowly and become sensitive to fluctuations arising from insufficient sampling. Consequently, the errors of simulated viscosities increase dramatically with chain length. For the longest chain (EO) 12 DME, the production period was extended to 40ns to diminish fluctuations, but results still have 40%~50%
uncertainties. Much longer simulations would have to be used to obtain significantly more accurate predictions. For even longer chains, the simulation time necessary for good sampling becomes prohibitive given current computational resources . The table also suggests that current equilibrium-based atomistic simulations are likely only feasible for viscosity calculations in TraPPE is a force field of good quality, giving excellent agreement with experimental data not only for the thermodynamic properties for which it was optimized, but also for transport properties.
Scaling Laws
Our results for viscosities and diffusivities of the PEO chains are plotted as functions of chain length in Figures 5 and 6 . The viscosity scales with chain length with exponents between 1.5 ~ 2.4; the diffusivity scales as −1.9 ~ −2.5. In polymer theories, unentangled and entangled chain dynamics are usually described by the Rouse and reptation models, respectively, which give: known that the crossover to ideal chain statistics takes place when number of methylenes is greater than 100 56, 57 . With stronger electrostatic interactions, PEO chains are expected to be stiffer. As a result, PEO needs more backbone repeat units than n-alkanes to have an independent-rotating segment and enter the Gaussian-chain regime. The critical length of a polymer for the entanglement to take effect, however, depends in a non-trivial way on backbone stiffness. Chain stiffness has been shown to accelerate the onset of reptation regime for LJ chains 58 . It would be interesting to test if that counter-intuitive relation between stiffness and entanglement length remains true for PEO and n-alkanes chains of longer length.
Convergence of Transport Properties
In Sec. 3.1, we stated that the integration time in Eq. (4) needs to be suitably chosen in order to cover the main relaxation region of pressure correlation functions and avoid the divergence region (large errors or deviation from the plateau). It has also been pointed out that insufficient sampling brings large fluctuations into the long-tail decay part and leads to early divergence of the integration. How can we determine whether the sampling is sufficient and whether the integration time is neither too long nor too short? There should be a relation between integration time, number of samples, and the quantity measuring the degree of divergence.
We introduce for the pressure correlation function a relaxation time τ, defined as the time t 0 + τ at which the long-tail normalized correlation function is reduced to 0.1% of the value at t 0 .
The relaxation times for chains with n = 1, 3, 5, 9, 12 are obtained from our simulations as 3ps, 15ps, 50ps, 200ps and 500ps respectively. The degree of divergence of the integration is measured by the relative error, which is defined as the ratio of the statistical uncertainty of a quantity to its mean value. If we set the integration time t itl = 10τ, Figure 7 presents the relation If we set 60% relative error to be the point separating convergence and divergence (any choice in the 50 ~ 80% range would give similar conclusions), the rough number of samples necessary for the GK integral to be convergent is shown in Figure 8 as a function of chain length.
The number of samples can be considered to be roughly proportional to CPU time and therefore it is an indirect measure of the minimal production time needed to converge the GK integral, t m .
Fitting the data in Figure 8 gives On the contrary, though the scaling relations obtained in this paper are confined to the PEO melt system, they take into account both factors and relate the final degree of divergence directly to run length.
Conclusions
Atomistic molecular dynamics simulations have been carried out, using the modified TraPPE-UA force field, to investigate the transport properties of PEO oligomers, specifically
We have demonstrated that transport properties for this class of molecules can be obtained from equilibrium molecular dynamics simulations. As a single-particle property, diffusivity is calculated with a fast convergence and high accuracy for all chain lengths of interest using the Green-Kubo formula. Viscosities, however, are less satisfactorily determined via the Green-Kubo integral due to significant sampling difficulties.
Although the method can be used for short chains, insufficient sampling for the pressure autocorrelation functions results in a poor GK integral convergence. The method is not suitable for viscosity calculations of chains longer than the ones studied here.
Through the exploration into how sampling affects the convergence or relative errors, we obtain a rough relation estimating the minimal production time necessary for relative errors under a given tolerance as a function of chain length. We also obtained a relation between equilibrium 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 (pre-production) time and chain length, which enabled us to ensure that the systems had been fully equilibrated before the properties of interest were sampled, an issue that most prior studies did not address 9, 11, 13, 31, 57 . The methodology proposed here to estimate the simulation time for long chains based on the scaling relation of short chains, can be extended to other polymer systems. It gives useful information to assess when the equilibrium methods are effective, when they break down, and how much additional computational efforts may be required to improve predictions.
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